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A B S T R A C T
Periodontal disease is the most widespread oral disease in dogs. Whilst the involvement of bacteria in the
aetiology of periodontitis is well established the role of individual species and their complex interactions
with the host is not well understood. The objective of this research was therefore to perform a
longitudinal study in dogs to identify the changes that occur in subgingival bacterial communities during
the transition from mild gingivitis to the early stages of periodontitis (<25% attachment loss). Subgingival
plaque samples were collected from individual teeth of 52 miniature schnauzer dogs every six weeks for
up to 60 weeks. The microbial composition of plaque samples was determined using 454-pyrosequencing
of the 16S rDNA. A group of aerobic Gram negative species, including Bergeyella zoohelcum COT-186,
Moraxella sp. COT-017, Pasteurellaceae sp. COT-080, and Neisseria shayeganii COT-090 decreased in
proportion as teeth progressed to mild periodontitis. In contrast, there was less evidence that increases in
the proportion of individual species were associated with the onset of periodontitis, although a number
of species (particularly members of the Firmicutes) became more abundant as gingivitis severity
increased. There were small increases in Shannon diversity, suggesting that plaque community
membership remains relatively stable but that bacterial proportions change during progression into
periodontitis. This is the ﬁrst study to demonstrate the temporal dynamics of the canine oral microbiota;
it showed that periodontitis results from a microbial succession predominantly characterised by a
reduction of previously abundant, health associated taxa.
ã 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Periodontal disease is the most widespread oral disease in dogs
and prevalence estimates of between 44% and 64% have been
reported (Butkovic et al., 2001; Kyllar and Witter, 2005; Kortegaard
et al., 2008; Hamp et al., 1984). It is generally accepted that the
build-up of plaque bacteria on the tooth surface causes periodontal
disease, however the speciﬁc organisms involved in the initiation
of disease and subsequent events are not yet known (Van Dyke,
2009). It has been postulated that speciﬁc antigens or enzymes
produced by bacteria in the plaque bioﬁlm activate the host
inﬂammatory response, which causes the ligaments and bones* Corresponding author. Fax: +44 1664 415440.
E-mail addresses: corrin.wallis@effem.com (C. Wallis),
mark.marshall@effem.com (M. Marshall), Alison.colyer@effem.com (A. Colyer),
Ciaran.oﬂynn@effem.com (C. O’Flynn), Oliver.deusch@effem.com (O. Deusch),
S.J.Harris@lboro.ac.uk (S. Harris).
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0378-1135/ã 2015 The Authors. Published by Elsevier B.V. This is an open access article unthat support the tooth to become inﬂamed and progressively
destroyed (Williams, 1990).
Until recently, studies into the canine oral microbiota were
limited in their depth and breadth of coverage and constrained by a
reliance on culture based methods that did not allow the detection
of certain species (Elliott et al., 2005; Hardham et al., 2005; Dahlén
et al., 2012). In 2012, Dewhirst et al. provided the ﬁrst in depth
analysis of bacterial species present in canine plaque. Using a
culture-independent method involving cloning and sequencing of
the 16S rRNA gene from bacteria in canine plaque, a total of
353 taxa were identiﬁed and of these 80% were novel and only
16.4% were shared with the human oral microbiota.
Following this initial characterisation of the canine oral
microbiota, Davis et al. (2013) analysed samples from 223 dogs
(72 with healthy gingiva, 77 with gingivitis and 74 with mild
periodontitis) using 454-pyrosequencing to identify bacterial
species signiﬁcantly associated with health and early periodontal
disease. The most abundant health associated species wereder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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zoohelcum, Neisseria shayeganii, Pasteurellaceae sp. COT-080,
Capnocytophaga sp. COT-339 and Stenotrophomonas sp. COT-224.
In contrast, in plaque from mild periodontitis there was a much
higher proportion of species from the class Clostridia. These
included several Peptostreptococcaceae spp. (COT-004, COT-019,
COT-030, COT-077, COT-135) as well as Lachnospiraceae sp. COT-
036, Clostridiales sp. COT-028, Peptococcus sp. COT-044 and
Corynebacterium canis.
Little is known about the ﬂuctuations in subgingival bacterial
communities during the transition from health to periodontal
disease. A human study examined the stability of bacterial
colonisation in the gingival crevice and identiﬁed microbial shifts
associated with changes in periodontal health using a cloning and
sequencing approach (Kumar et al., 2006). Subgingival plaque
samples and clinical data were collected from 24 subjects over two
years; analysis showed that bacterial stability was greatest among
healthy, clinically stable subjects and lowest for subjects whose
periodontal status worsened. Higher numbers of species lost or
gained were also observed for subjects whose clinical status
changed, providing evidence that a change in periodontal status is
accompanied by shifts within the bacterial community. In another
human study, a signiﬁcant shift in the bacterial community
structure of plaque was observed when gingivitis developed in
20 subjects that abstained from oral hygiene for two weeks (Kistler
et al., 2013). There are no published data describing the
ﬂuctuations in oral microbial populations with the onset of
periodontal disease in dogs.
Understanding the dynamics of the microbial ecosystem as it
transitions from health through to periodontal disease will provide
information about the bacterial aetiology of periodontitis. The
objective of this study was to identify microbial changes in canine
subgingival plaque associated with changes in periodontal health.
The elucidation of microbial changes associated with periodontal
disease onset and progression has obvious clinical implications, in
terms of the identiﬁcation of the key bacterial species to target to
prevent the disease. In addition, the discovery of species associated
with stable, healthy ecosystems may be equally important in the
development of therapies for periodontitis.
2. Methods
2.1. Subgingival plaque samples
Fifty two miniature schnauzers aged between 1.3 and
6.9 years housed at the WALTHAM Centre for Pet Nutrition
were recruited for a 60 week study in which dogs received no
dental prophylaxis and underwent dental assessments every six
weeks (1 week) for between three and 11 time points (see
Marshall et al., 2014 for further details). To avoid teeth
progressing to the later stages of disease, individual teeth
were scaled and polished as soon as periodontitis was detected
and then no longer included in the study. If a dog developed
periodontitis in 12 or more teeth it received a full mouth scale
and polish, was removed from the study, and the oral care
regimen of tooth brushing was reinstated.
Subgingival plaque samples were collected at each dental
assessment from individual teeth by inserting a sterile periodontal
probe under the gingival margin and sweeping along the base of
the crown. Samples were collected from the mandibular 3rd
incisors, canines, 3rd and 4th premolars and 1st molar and
maxillary canines, 4th premolars and 1st molar. The plaque
samples were placed into a 0.5 ml Eppendorf tube containing
300 ml TE buffer (10 mM Tris–HCl, 1 mM disodium EDTA, pH 8.0;
Sigma–Aldrich) and immediately placed on ice for a maximum of
30 min prior to storage at 80 C.Plaque samples from a subset of teeth were selected for
analysis based on their clinical proﬁles over the course of the
study. Teeth were selected that progressed into mild periodontitis
(<25% attachment loss; Marshall et al., 2014) regardless of the
gingivitis score and are referred to hereafter as “progressing”.
Teeth were also selected that remained in mild gingivitis (mean
gingivitis score 1 and 2) over the course of the study and are
hereafter referred to “non-progressing”. The use of this term
should not be taken to mean that the teeth were not progressing
towards periodontitis but rather that they did not develop
periodontitis during the course of this study. The teeth were
matched between groups by applying the following selection
criteria: Firstly, pairs were matched by tooth number within dog
(e.g. 108 and 208 or 308 and 408). If this was not possible, pairs
were matched by tooth type within dog e.g. premolar to premolar
or molar to molar. If neither of the above was possible, then pairs
were matched by tooth number but from different dogs of a
similar age.
2.2. DNA extraction
The plaque samples were lysed by the addition of 2 ml Ready-
LyseTM Lysozyme solution (Epicentre, 106U, catalogue no.
R1802M) followed by incubation at 37 C for 18 h. DNA was
extracted using Nucleospin1 96 Tissue kit (Macherey-Nagel)
according to the manufacturer’s instructions using the Eppendorf
EpMotion 5075 robot with VAC attachment with the following
modiﬁcations. After application of proteinase K solution, samples
were incubated for 6 h at 56 C, mixing every hour. RNase A (4 ml;
Epicentre, 5 mg/ml catalogue no. MRNA092) was added and the
samples mixed and incubated at room temperature for 15 min.
The DNA was eluted by the addition of 55 ml TE buffer (10 mM
Tris–HCl and 0.5 mM pH 9.0 EDTA), which was pre-warmed to
70 C, and then centrifuged at 5600  g for 2 min. This step was
performed twice.
2.3. Ampliﬁcation of 16S rDNA
The V1-V3 region of the 16S rDNA was ampliﬁed using Extensor
Hi-Fidelity PCR Enzyme Mix (AB-0792, Thermo, UK) in a 96-well
format using a mix of two universal forward primers (FLX_27FYM
and FLX_27F_Bif) and a single reverse primer (534R) as described
in Davis et al. (2013).
2.4. Library preparation and sequencing
Library preparation, emulsion PCR and sequencing of the 16S
rDNA amplicons were carried out according to the GS FLX Titanium
Series amplicon library protocol. Samples were pooled into groups
of 40 samples prior to Emulsion PCR. Libraries were sequenced,
2 pools per run, on a Roche Genome Sequencer FLX Titanium
SystemTM using the FLX Titanium B primer only with a target of
10,000 unidirectional reads per sample.
2.5. Sequencing data processing
The standard ﬂowgram ﬁles (SFF) for each of the 995 samples
were initially ﬁltered by selecting reads with at least 360 ﬂows and
truncating long reads to 720 ﬂows. Reads were ﬁltered and
denoised using the AmpliconNoise software (version V1.21;
Quince et al., 2009, 2011). For the initial ﬁltering step, reads were
truncated when ﬂow signals dropped below 0.7, indicative of poor
quality. Subsequently, reads were denoised in three stages; 1)
Pyronoise to remove noise from ﬂowgrams resulting from 454
sequencing errors (PyronoiseM parameters -s 60, -c 0.01), 2)
Seqnoise to remove errors resulting from PCR ampliﬁcation
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remove chimeras resulting from PCR recombination. The denoised
sequences were then clustered using QIIME, a pipeline for
performing microbial community analysis that integrates many
third party tools which have become standard in the ﬁeld. The
QIIME script pick_otus.py, which utilises the Uclust software
program, was used to cluster sequences with >98% identity
(Caporaso et al., 2010). Uclust was run with modiﬁed parameters,
with gap opening penalty set to 2.0 and gap extension penalty set
to 1.0 and –A ﬂag to ensure optimum alignment (Caporaso et al.,
2010). Representative sequences of all observed OTUs were
annotated using BLAST (Altschul et al., 1997) against the Silva
SSU database release 115 (Pruesse et al., 2007). If the alignment
matched the top BLAST hit with 98% sequence identity and 98%
sequence coverage then a species level was assigned but if these
criteria were not met the next appropriate level of taxonomic
assignment was allocated: 94% genus; 92% family; 90% order,
85% class, 80% phyla.Fig. 1. Dendrogram based on taxonomic assignments and plotted using GraPhlan (un
dendrogram is phylum level and outer nodes depict the species. The taxonomic term
representative of the estimated relative abundance for each species. The colours highli2.6. Statistical analysis
Evolution to periodontitis: Time was parameterised to be the ﬁve
time points proceeding and including the time at which
periodontitis was diagnosed for the periodontitis progressing
group (i.e. 5, 4, 3, 2, 1, 0). The same time points were taken
for each case’s matched pair in the non-progressing group. Cases
without a pair were excluded from the evolution to periodontitis
analyses.
Correlation with mean gingivitis score: The full data set was used
to investigate the changes in bacterial species with mean gingivitis
score.
Analyses: Operational taxonomic units (OTUs) were analysed if
two conditions were met. Firstly, the OTU needed to be present at a
minimum of one time point (or in the case of the gingivitis analysis,
needed to present in a minimum of one of the gingivitis rounded
mean scores i.e. gingivitis score of 1, 2 or 3) in at least one of the
periodontitis groups (progressing or non-progressing) at anpublished) v0.9.7. Six levels of taxonomy are represented: the inner part of the
ination points are represented by a ﬁlled circle. The size of the ﬁlled circles is
ght various levels of taxonomy as depicted by the name labels.
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needed to be due to the presence of the OTU in at least two dogs.
The remaining OTUs were classed as ‘rare’ and grouped as such.
The 0.05% cut-off was based on statistical analysis of data from
mock communities containing 17 known species sequenced on ﬁve
separate 454 runs (Davis et al., 2013). To enable greater stability of
models, when time by group categories contained zero values an
adjustment proposed by Agresti and Coull (1998) was applied
which entails adding two successes and two failures.
Each OTU was analysed individually by generalised linear
mixed models (GLMM; with binomial distribution and logit link)
for its proportion (OTU count out of total number of sequences)
and also to allow for the correlation on repeated measures within
each individual tooth and for the possible correlation between
matched pairs. However, in some cases the matched pair random
effect was dropped from the model due to convergence problems.
Within each model, periodontitis group (progressing or non-
progressing), either time or gingivitis score and their interactions
were ﬁtted as ﬁxed effects. Time and gingivitis score were ﬁtted as
continuous variables, such that logistic S-type progressions (i.e.
linear trends on the logit link) with OTUs were explored.
The maximal model was initially ﬁtted and terms were
removed with non-signiﬁcance, using the false discovery rate
adjustment of Benjamini and Hochberg (1995) at the 5% level.
Once all the models were ﬁtted, hierarchical testing of the
various hypotheses of interest was performed. This included
testing whether one or more slopes were changing over time (or
mean gingivitis score) and then whether the slopes were different
between the progressing and non-progressing groups.
Changes in mean gingivitis score over time: To understand the
underlying changes in mean gingivitis score in the evolution to
periodontitis analysis, a linear mixed effects model (LMM) on
mean gingivitis score was ﬁtted, with tooth within dog nested in
pair as the random effects. Time (5, 4, 3, 2, 1, 0),
progression type and their interaction were ﬁtted as categorical
ﬁxed effects and tested against a 5% signiﬁcance level.
Relationship between the proportion of teeth with periodontitis
and mean gingivitis score: To understand whether the proportion of
teeth with periodontitis increased when mean gingivitis score
increased, a GLMM (binomial distribution with logit link) for the
probability of periodontitis was ﬁtted with tooth within dog as a
random effect. Mean gingivitis was ﬁtted as a ﬁxed effect and
tested against a 5% signiﬁcance level.Table 1
Bacterial species present at >1% of the population.
OTU Species 
10975 Porphyromonas cangingivalis 
6460 Porphyromonas canoris 
17546 Moraxella sp. COT-017 
6613 Porphyromonas gulae 
17463 Treponema sp. COT-249 
8138 Porphyromonas gingivicanis 
17234 unclassiﬁed Actinomyces 
15777 Bergeyella zoohelcum 
10190 Fusobacterium sp. COT-189 
13463 Neisseria animaloris 
3566 Treponema denticola 
2741 Peptostreptococcus sp. COT-033 
912 Desulfovibrionales bacterium COT-0
19812 Campylobacter sp. COT-011 
2878 Corynebacterium canis 
18034 Fusobacterium sp. COT-236 
22142 Moraxella sp. COT-018 
8115 Peptostreptococcaceae bacterium C
20524 Lachnospiraceae bacterium COT-02
10089 unclassiﬁed Leptotrichiaceae 
7098 Chlorobi bacterium COT-046 Shannon diversity: Changes in Shannon diversity over time or
with mean gingivitis score were investigated using a LMM with
tooth within dog nested in pair as a random effect. Group (non-
progressing and progressing), time (or mean gingivitis score) and
their interaction were ﬁtted in the model as ﬁxed effects and tested
against a 5% signiﬁcance level. Time was ﬁtted as a continuous
effect and accordingly the model tested for a linear trend over time.
3. Results and discussion
3.1. Sequence quality
Analysis of the canine subgingival plaque samples (n = 955) by
454-pyrosequenicng of the 3’ end of the V1–V3 region of the 16S
rDNA gene resulted in the generation 6,448,819 sequence reads
that passed the sequencing providers initial sequence quality ﬁlter.
After AmpliconNoise ﬁltering 4,813,887 sequence reads remained.
The number of sequences per sample ranged from 1,019 to 17,892.
3.2. Bacterial community composition
The 4,813,887 sequence reads were assigned to 22,655 OTUs
using Uclust clustering and Qiime with a cut-off 98% sequence
identity. The number of OTUs analysed was reduced to 290 follow-
ing grouping of the rare OTUs into a single group (see Section 2.6).
Taxonomic assignment of each of the 290 OTUs resulted in 216
(75.5%) mapping to sequences from a previous study of the canine
oral microbiota (Dewhirst et al., 2012; Genbank accession numbers
JN713151–JN713566 & KF030193–KF030235) and a further 47
(16.2%) mapping to other sequences within the Silva database with
a sequence identity 98%. The remaining 27 OTUs (9.3%) shared
between 90.3% and 97.9% identity to sequences within the Silva
database.
The bacterial community composition is depicted in Fig. 1. It
comprised nine phyla with proportions greater than 1%;
Bacteroidetes (26.6%), Firmicutes (22.7%), Proteobacteria (16.5%),
Spirochetes (10.6%), Actinobacteria (9.6%), Fusobacteria (5.7%) and
Synergistetes (1.6%). SR1 (0.8%), TM7 (0.7%), Chloroﬂexi (0.4%) and
Elusimicrobia (0.1%) were also present at low abundance and the
rare group accounted for the remaining 4.8% of the sequence reads.
These ﬁndings are broadly similar to what has been reported
previously in a variety of breeds of client-owned dogs (Davis et al.,
2013). However, in this longitudinal study of miniature schnauzersProportion of sequence reads
7.02
3.20
2.13
2.01
1.90
1.87
1.71
1.59
1.55
1.54
1.52
1.28
09 1.20
1.18
1.17
1.12
1.10
OT-077 1.10
4 1.07
1.05
1.01
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of client-owned dogs (1.9%). This may be due to the fact that a third
of the samples from Davis et al. (2013) were collected from dogs
with healthy gums, whereas the dogs in this study all had at least
mild gingivitis.
At the species level (98% sequence identity), 21 of the
290 OTUs (7.6%) had proportions >1% and these accounted for
37.3% of the sequence reads (Table 1). The majority of OTUs
(n = 166) were present in proportions ranging from 0.1% to 1% and
these accounted for 52.2% of the sequence reads. A furtherFig. 2. Bacterial species that showed signiﬁcant changes in their predicted proportions 
showed >2-fold change and had an average proportion >0.3%. The size of the circles re103 OTUs had proportions <0.1% and together these accounted for
5.7% of the sequence reads. One possible limitation of the study
was that a single breed of dogs (miniature Schnauzers) housed in a
pet nutrition facility may not have been representative of the pet
dog population. However, over 90% of the species were the same as
those identiﬁed in a study of mixed breed client-owned dogs
(Davis et al., 2013) and the 20 most abundant species (>0.75%) were
identical. This corroborates that the miniature schnauzers
investigated in this study are representative of the pet dog
population.over time in the progressing and non-progressing groups. The species represented
presents the predicted proportion and the colour represents the phylum.
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7% of the total number of sequence reads, which is again in
agreement with the study by Davis et al. (2013). The ability of P.
cangingivalis to ﬂourish in a variety of environmental conditions
was recently investigated by O’Flynn et al. (unpublished data).
Analysis of the genomes of a number of Porphyromonas species
showed that P. cangingivalis has a complete protoporphyrin IX
synthesis pathway potentially allowing it to synthesise its own
haem rather than acquiring it from blood whereas the pathogenic
Porphyromonads like P. gingivalis are lacking some of the genes
from this pathway. Other pathway differences, such as the ability
to synthesis siroheme and vitamin B12, point to enhanced
metabolic ﬂexibility for P. cangingivalis, which may underlie its
ability to predominate in the canine oral cavity. Owing to its
abundance, P. cangingivalis may have an important role in
subgingival communities, as suggested for Fusobacterium nuclea-
tum (Kolenbrander et al., 2006).
3.3. Bacterial species associated with evolution to periodontitis
A subset of data was used to determine the changes in bacterial
composition preceding, and including, the time at which
periodontitis was diagnosed. The data set included 444 samples
from 30 dogs, giving a total of 94 teeth. Of these, 47 cases were
from teeth that progressed to periodontitis (progressing group)
and the other 47 from teeth that did not progress during the course
of the study (non-progressing group).
In this analysis there were 287 OTUs (plus the rare group) for
inclusion in the statistical modelling of the changes over time,
following removal of OTUs with more than 80% zero counts. ForFig. 3. Changes in mean gingivitis score over time in the progressing (red) and non-prog
data.41 of these, no signiﬁcant changes in proportion over time for
either the progressing or non-progressing group were observed.
The proportions of the other 247 OTUs signiﬁcantly changed over
time in either one or both groups. For 60 of these OTUs the
changes in proportion over time did not differ signiﬁcantly
between the two groups. The remaining 187 OTUs differed
signiﬁcantly in their magnitude of change over time between the
two groups and of these, 22 OTUs had a >2-fold change over time
and an average predicted proportion >0.3% (Fig. 2, Supplemen-
tary Table 1). The most striking changes were evident for
Bergeyella zoohelcum COT-186 and Moraxella sp. COT-017. B.
zoohelcum remained at constant proportions in the non-progress-
ing group and decreased in proportion over time in the
progressing group, whereas the abundance of Moraxella sp.
COT-017 decreased in the progressing group and also in the
non-progressing group albeit at a slower rate. Capnocytophaga
cynodegmi COT-254, an unclassiﬁed Corynebacterium, Capnocyto-
phaga sp. COT-339, Neisseria animolaris COT-016 and Pasteurella-
ceae bacterium COT-080 showed similar patterns to Moraxella sp.
COT-017. Other species increased in proportion over time in the
non-progressing group and decreased in the progressing group
e.g. N. shayeganii COT-090, Lautropia sp. COT-175 and Desulfovibrio
sp. COT-070. These same species (or very close relatives) were also
shown to be amongst the most abundant health associated
species by Davis et al. (2013). Moraxella and Bergeyella were also
observed in healthy dogs in a recent 454-pyrosequencing study of
six dogs (Sturgeon et al., 2013). Furthermore, B. zoohelcum, N.
shayeganii and a Moraxella species were shown to have the
highest relative abundance in early bioﬁlms (Holcombe et al.,
2014).ressing (blue) groups. Bars depict 95% conﬁdence intervals and circles represent the
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development of early periodontitis were less obvious. Some OTUs
such as Peptostreptococcaceae bacterium COT-077, Clostridiales
bacterium COT-028, Erysipelotrichaceae bacterium COT-311, Por-
phyromonas sp. COT-182, Porphyromonas sp. COT-239, Porphyr-
omonas macacae COT-192, Peptostreptococcus sp. COT-033 and
Treponema sp. COT-200 increased in proportion over time in both
the progressing group and the non-progressing group (Fig. 2,
Supplementary Table 1). Marshall et al. (2014) showed that in the
absence of an effective oral care regime periodontitis will develop
rapidly in miniature schnauzers and therefore it is likely that many
of the teeth in the non-progressing group are also progressing
towards periodontitis which might explain this pattern. The
proportions of others remained constant over time in the non-
progressing group but increased in the progressing group e.g.
unclassiﬁed Leptotrichiaceae. Some species such as Synergistales
bacterium COT-178 decreased in proportion over time in the non-
progressing group and increased in the progressing group.
These ﬁndings agree with those from Davis et al. (2013), where
Firmicutes were found to be the most abundant in mild
periodontitis and also with surveys of human plaque where
higher proportions of Spirochetes, Synergistetes and Firmicutes
were observed in periodontitis (Abusleme et al., 2013; Li et al.,
2014). Another human study by Griffen et al. (2012) conﬁrmed
associations with periodontitis for the red-complex species
Porphyromonas gingivalis, Treponema denticola and Tannerella
forsythia (Socransky et al., 1998) along with other species such
as Filifactor alocis. Interestingly, neither this current study nor the
previous study by Davis et al. (2013) identiﬁed these species as
strongly associated with periodontitis in dogs. Griffen et al. (2012)
also showed Bacteroidetes to be at increased abundance in
periodontitis, but in our study this association was less obvious,
with representatives of this phyla being associated with both mild
gingivitis and periodontitis. This underlines previous observations
that bacterial species associated with periodontal disease are
somewhat different between the human and canine conditions.
To determine whether these changes were as a result of the
approach of periodontitis and not due to underlying differences in
gingivitis, the average gingivitis scores for all the samples at each
time point were analysed (Fig. 3). Both the progressing and non-
progressing groups showed only a small, though statistically
signiﬁcant, increase in mean gingivitis score over the six time
points (p < 0.001; Fig. 3). To put this in context, the average
gingivitis score in the progressing group 30 weeks before diagnosis
of periodontitis was 1.6 compared to 1.9 when periodontitis
occurred. This therefore suggests that the changes in proportion of
OTUs over time are truly in response to the approach of
periodontitis.
3.4. Bacterial species associated with gingivitis
The full data set of 955 samples from 39 dogs was used to
investigate changes in bacterial species associated with changes in
mean gingivitis score. The samples were from 163 teeth, 80 from
the teeth that progressed to periodontitis (progressing group) and
83 from teeth that did not develop periodontitis during the course
of the study (non-progressing group).
Changes in the proportions of each of the 291 OTUs (including
rare group) with gingivitis score were statistically modelled for
both the non-progressing and progressing groups. A total of
19 OTUs had no signiﬁcant association with gingivitis score for
either the progressing or non-progressing groups. The remaining
272 showed a signiﬁcant evolution with mean gingivitis score. Of
these, 80 showed the same patterns of evolution with mean
gingivitis score for both the progressing and non-progressing
groups and the remaining 192 exhibited different patterns. Of theOTUs that showed a signiﬁcant evolution for either group with
mean gingivitis score, there were 47 OTUs that showed a >2-fold
change and had a proportion >0.3% (Fig. 4, Supplementary
Table 2). One of the most striking observations was that the
Firmicutes were the most represented phylum accounting for
21 of the 47 OTUs. The majority of these showed a positive
association with gingivitis score in both the non-progressing and
progressing groups which may indicate that these species
respond to the level of gingivitis rather than the onset of
periodontitis. e.g. Lachnospiraceae bacterium COT-024, Filifactor
villosus COT-031, Peptostreptococcus sp. COT-033, Clostridiales
bacterium COT-028 and COT-038, Filifactor alocis COT-001, several
Peptostreptococcaceae bacterium (COT-019, COT-030, COT-034,
COT-067, COT-068, COT-077), Helococcus sp. COT-069 and COT-140
and an unclassiﬁed Ruminococcaceae (Fig. 4, Supplementary
Table 2). Chloroﬂexi bacterium COT-306 from the phylum
Chloroﬂexi, Porphyromonas sp. COT-182 from the phylum
Bacteroidetes and an unclassiﬁed Leptotrichiaceae from the
phylum Fusobacteria also showed the same pattern. Several
species, such as Porphyromonas gulae COT-052, Parvimonas sp.
COT-035, Erysipelotrichaceae bacterium COT-311, Conchiformibius
steedae COT-280 and Peptostreptococcaceae bacterium COT-
004 decreased in abundance with increasing gingivitis score in
the non-progressing group and increased in the progressing group.
In contrast a number of OTUs showed an inverse relationship
with gingivitis severity. A number of species from the phyla
Proteobacteria (Moraxella sp. COT-017, Neisseria animolaris COT-
016, Wollinella sp. COT-173, Pasteurellaceae bacterium COT-080
and Aquaspirillum sp. COT-291) decreased in proportion with
increasing gingivitis score in the progressing group and also in the
non-progressing group but at a slower rate (Fig. 4, Supplementary
Table 2). C. canis from the phylum Actinobacteria, Capnocytophaga
sp. COT-339 and C. cynodegmi COT-254 also showed a similar
pattern. The proportions of some members of the Proteobacteria
increased in the non-progressing group and decreased in the
progressing group such as N. shayeganii COT-090, Desulfovibrio sp.
COT-070 and Xenophilus sp. COT-264. B. zoohelcum COT-186 from
the phylum Bacteroidetes also showed the same pattern.
As many of these species matched those which changed as
periodontitis developed in the earlier analysis we assessed
whether underlying differences in the proportion of teeth with
periodontitis according to gingivitis score might be driving this
effect (Fig. 5). This analysis showed that the probability of a tooth
having periodontitis signiﬁcantly increased with increasing
gingivitis score (p < 0.001; Fig. 5) in the progressing group but
not the non-progressing group. Therefore, species that changed in
proportion in the progressing group but not the non-progressing
group as gingivitis severity increased are likely to be responding to
underlying differences in periodontitis rather than changes in
gingivitis. Interestingly one species, Capnocytophaga sp. COT-339,
decreased in proportion with increasing gingivitis score in both the
progressing and non-progressing groups (Fig. 4, Supplementary
Table 2). It also showed a positive correlation with evolution of
periodontitis, suggesting this species may therefore be sensitive to
both periodontitis onset and gingivitis severity (Fig. 2, Supple-
mentary Table 1). Several species showed positive associations
with mean gingivitis score and evolution to periodontitis (e.g.
Peptostreptococcaceae sp. COT-077 Clostridiales bacterium COT-
028 and an unclassiﬁed Leptotrichiaceae) indicating that they may
be responding to both periodontitis onset and gingivitis severity.
Interestingly, Peptostreptococcaceae sp. COT-077 was the most
strongly disease-associated of all the abundant species in the Davis
et al. (2013) study, being highly abundant in early periodontitis
plaque samples (average 2.7%) and almost absent in healthy
samples (average 0.06%).
Fig. 4. Bacterial species that showed signiﬁcant evolution patterns with mean gingivitis score in the progressing and non-progressing groups. The species represented
showed >2-fold change and had an average proportion >0.3%. The size of the circles represents the predicted proportion and the colour represents the phylum.
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bleeding on probing and certain bacterial species: positive
correlations have been shown with the percentage of Spirochetes
and Prevotella intermedia in surveys of human plaque (Armitageet al.,1982; Socransky et al., 1991). Although representative species
of the genera Spirochetes and Prevotella were identiﬁed here, they
did not show strong associations with gingivitis severity. This
difference between the studies may be inﬂuenced by differences in
Fig. 5. Changes in the estimated probability of having periodontitis with mean gingivitis score. Solid lines depict predicted averages and dashed lines 95% conﬁdence limits.
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sampled. This is because the composition of the microbiota varies
according to probing depths owing to factors like oxygen tension
(Loesche et al., 1983). In another study that compared the
relationship between the microbiota and clinical inﬂammation
in humans by comparing, subgingival plaque samples from teeth
with similar amounts of periodontal destruction, inﬂammation
was not shown to be a strong driver of community composition
(Abusleme et al., 2013).
One limitation of this current study is that there were no
samples in the non-progressing group at gingivitis scores above
2.25 owing to the criteria used to select the samples. Inclusion of
samples with a mean gingivitis score >2.25 would have resulted in
more accurate predictions for the changes in proportions of
bacteria with mean gingivitis score in the non-progressing group.
Furthermore, it is not known if the non-progressing group would
have remained in health if the study had run for longer, and if not,
over what time-frame they would have developed periodontal
pockets.
Another perceived limitation was that established methods for
analysing community composition and structure were not utilised
however, these were considered and not deemed appropriate due
to the fact they do not take into account repeated measures,
proportion data and two-way design (time or gingivitis score by
periodontal disease group).
3.5. Correlation between species diversity and evolution to
periodontitis and mean gingivitis score
There was a signiﬁcant increase in the Shannon diversity index
(p = 0.007) in the 30 weeks preceding development of periodonti-
tis, but the rate of change was not signiﬁcantly different between
the non-progressing and progressing groups (p = 0.142; Fig. 6). Thechange in Shannon diversity was small, increasing by 0.031 with
95% conﬁdence interval (0.005, 0.056) between time measure-
ments (six week time frame).
There was also a signiﬁcant increase in Shannon diversity index
with increasing gingivitis score (p = 0.001) and the rate of increase
signiﬁcantly differed between the non-progressing and progress-
ing groups (p = 0.014; Fig. 7). These changes were relatively small
with an increase of 0.225 (0.090, 0.360) for the non-progressing
and 0.001 (0.116, 0.119) for the progressing group in Shannon
diversity index with an increase in gingivitis score of one.
Studies of human subjects showed that the presence of
periodontal destruction, but not increased inﬂammation, was
associated with higher a-diversity and Shannon indices of
subgingival bacterial communities (Abusleme et al., 2013; Griffen
et al., 2012). In addition, plaque samples from dogs with mild
periodontitis have previously been shown to be more species rich
and diverse than those obtained from dogs with healthy gingiva
(Davis et al., 2013). The small increases in Shannon diversity
observed in the current study may relate in part to the absence of
clinically healthy samples in the dataset. Furthermore, the
“capping” of the gingivitis data at a score of 2.25 in the non-
progressing group may have resulted in a less accurate prediction
of the rate of change.
3.6. Deﬁning the core subgingival microbiota
The number of samples with greater than zero counts for each
OTU was determined for the non-progressing and progressing
groups for the time periods preceding and at the point of
periodontitis diagnosis. An OTU was classiﬁed as being present
if it was at a proportion >0.05% in the sample. Only one of the 384
OTUs (P. cangingivalis) was present in 100% of the samples across all
groups and a further 18 OTUs were represented in at least 80% of
Fig. 6. Changes in Shannon diversity index over time for the non-progressing (blue) and progressing (red) groups. Solid lines depict predicted averages, dashed lines 95%
conﬁdence limits and circles represent the data.
Fig. 7. Changes in Shannon diversity index with mean gingivitis score for the non-progressing (blue) and progressing (red) groups. Solid lines depict predicted averages,
dashed lines 95% conﬁdence limits and circles represent the data.
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Table 2
Bacterial species that are present in 80% of the samples across the non-progressing and progressing groups over the 30 weeks preceding (time points 5 to 1) and at the
point of periodontitis diagnosis (time point zero).
OTU Species Non-progressing Progressing
5 4 3 2 1 0 5 4 3 2 1 0
10975 Porphyromonas cangingivalis 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
8138 Porphyromonas gingivicanis 91.7 100.0 92.7 95.3 97.3 97.7 95.5 94.4 95.3 100.0 100.0 100.0
10190 Fusobacterium sp. COT-189 95.8 90.6 97.6 93.0 100.0 93.0 100.0 94.4 95.3 100.0 97.6 95.5
6460 Porphyromonas canoris 100.0 90.6 95.1 90.7 100.0 95.3 100.0 94.4 90.7 97.3 100.0 97.7
3566 Treponema denticola 95.8 90.6 90.2 95.3 100.0 97.7 95.5 97.2 93.0 91.9 100.0 100.0
17234 unclassiﬁed Actinomyces 95.8 90.6 95.1 93.0 94.6 97.7 95.5 91.7 93.0 94.6 97.6 97.7
20524 Lachnospiraceae bacterium COT-024 95.8 90.6 85.4 90.7 97.3 97.7 95.5 91.7 97.7 94.6 95.2 100.0
17581 SR1 bacterium COT-369 91.7 90.6 92.7 90.7 94.6 93.0 100.0 86.1 90.7 97.3 100.0 93.2
18750 Porphyromonas sp. COT-290 95.8 96.9 97.6 88.4 86.5 93.0 90.9 97.2 93.0 94.6 88.1 95.5
12597 Peptostreptococcaceae bacterium COT-096 91.7 84.4 90.2 93.0 100.0 90.7 95.5 86.1 90.7 97.3 95.2 97.7
19812 Campylobacter sp. COT-011 87.5 84.4 97.6 88.4 89.2 93.0 90.9 97.2 97.7 94.6 100.0 90.9
17463 Treponema sp. COT-249 95.8 84.4 95.1 90.7 97.3 95.3 81.8 91.7 93.0 89.2 100.0 95.5
6613 Porphyromonas gulae 87.5 96.9 87.8 88.4 97.3 97.7 86.4 86.1 93.0 89.2 95.2 93.2
21270 Tannerella forsythia 91.7 84.4 90.2 95.3 97.3 88.4 90.9 88.9 95.3 86.5 92.9 88.6
14333 Peptostreptococcaceae bacterium COT-019 91.7 84.4 90.2 88.4 91.9 88.4 90.9 94.4 88.4 91.9 95.2 90.9
7098 Chlorobibacterium COT-046 87.5 90.6 82.9 93.0 89.2 93.0 86.4 88.9 83.7 94.6 95.2 86.4
9119 Filifactor villosus 91.7 81.3 82.9 93.0 89.2 95.3 90.9 97.2 88.4 81.1 83.3 95.5
9334 Actinomyces sp. COT-252 87.5 81.3 87.8 90.7 91.9 88.4 86.4 83.3 88.4 83.8 88.1 81.8
C. Wallis et al. / Veterinary Microbiology 181 (2015) 271–282 281the samples across all groups (Table 2). In contrast, studies of
human subjects have shown two OTUs closely related to F.
nucleatum to be the most abundant core members (Abusleme et al.,
2013). If the threshold is decreased to 60% of samples then 43 OTUs
were represented across all groups. If a more stringent threshold is
applied, such as presence of an OTU being deﬁned as a proportion
>0.5% then nine of the 385 OTUs were present in at least 50% of the
samples: Pophyromonas cangingivalis, P. gingivicanis, P. gulae, P.
canoris, Fusobacterium sp. COT-189, T. denticola, Treponema sp. COT-
249, an unclassiﬁed Lachnospiraceae and Lachnospiraceae bacte-
rium COT-024. Analysis of the proportion of dogs positive for an
OTU over the 30 weeks up to the time that periodontitis was
diagnosed showed no signiﬁcant differences between the non-
progressing and progressing groups (data not shown).
The number of dogs positive for each OTU was similar across all
health states suggesting that the bacterial community member-
ship remains stable but the abundance changes during progression
into periodontitis. This theory is also supported by studies of
human subjects (Abusleme et al., 2013). One explanation could be
that the species involved in initiating periodontitis are present at
low proportions (<0.3%), akin to the proposed role of P. gingivalis as
a keystone pathogen in human periodontitis (Hajishengallis et al.,
2012). Interestingly, if there are one or more keystone pathogens in
canine oral health, it is unlikely that P. gulae (the canine equivalent
of P. gingivalis) is one of them, as it is present at high levels in health
and disease and did not show large changes in proportion (i.e. >2-
fold) as periodontitis approached. Alternatively the initiation of
periodontitis could be a community wide effect rather than a
response caused by one or two isolated species. For example the
destructive processes of periodontitis may be triggered as a
response to the bacterial community as whole. If this is true then it
could be that a high abundance of health associated species may
result in the plaque community being less likely to induce
periodontitis, perhaps because these are commensal species better
adapted to not inducing the host inﬂammatory response.
4. Conclusions
This is the ﬁrst longitudinal study to investigate dynamic
variations in the canine subgingival plaque microbial community
with the development of gingivitis and periodontitis. The results
are consistent with previous suggestions that periodontitiscommunities are the result of microbial succession characterised
by newly abundant taxa and/or the reduction of previously
abundant taxa, rather than the appearance of previously unseen
bacterial species (Griffen et al., 2012). The major ﬁnding of this
study is that a reduction in the proportion of several health
associated, aerobic, Gram negative species (B. zoohelcum COT-186,
Moraxella sp. COT-017, N. shayeganii COT-090 and Capnocytophaga
sp. COT-339) is a clearer indicator of approaching periodontitis
than the appearance of disease associated species. This ﬁnding
suggests that interventions to support the colonisation of gingiva
by health associated species may be more important in maintain-
ing good oral health than the targeting of bacterial species
associated with periodontal disease. Furthermore, this study also
conﬁrms previous ﬁndings that dog and human plaque bacteria are
different so products targeted at human oral bacteria may not be
suitable for preventing gum disease in dogs.
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